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Abstract 12 
The multi-criteria decision making methods, Preference METHods for Enrichment 13 
Evaluation (PROMETHEE) and Graphical Analysis for Interactive Assistance 14 
(GAIA), and the two-way Positive Matrix Factorization (PMF) receptor model were 15 
applied to airborne fine particle compositional data collected at three sites in Hong 16 
Kong during two monitoring campaigns held from November 2000 to October 2001 17 
and November 2004 to October 2005. PROMETHEE/GAIA indicated that the three 18 
sites were worse during the later monitoring campaign, and that the order of the air 19 
quality at the sites during each campaign was: rural site > urban site > roadside site. 20 
The PMF analysis on the other hand, identified 6 common sources at all of the sites 21 
(diesel vehicle, fresh sea salt, secondary sulphate, soil, aged sea salt and oil 22 
combustion) which accounted for approximately 68.8 ± 8.7% of the fine particle mass 23 
at the sites. In addition, road dust, gasoline vehicle, biomass burning, secondary 24 
nitrate, and metal processing were identified at some of the sites. Secondary sulphate 25 
was found to be the highest contributor to the fine particle mass at the rural and urban 26 
sites with vehicle emission as a high contributor to the roadside site. The PMF results 27 
are broadly similar to those obtained in a previous analysis by PCA/APCS. However, 28 
the PMF analysis resolved more factors at each site than the PCA/APCS. In addition, 29 
the study demonstrated that combined results from multi-criteria decision making 30 
analysis and receptor modelling can provide more detailed information that can be 31 
used to formulate the scientific basis for mitigating air pollution in the region. 32 
 33 
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1. Introduction 37 
The adverse effects of airborne particulate matter on human health, vegetation, 38 
materials and global climate have been well established. To mitigate these effects, 39 
several countries have established national standards for particulate matter or 40 
embarked on periodic and continuous monitoring of the chemical composition of 41 
airborne particles. In the Pearl River Delta region of China, where Hong Kong 42 
occupies an important position as a major city, population growth has increased 43 
 2 
significantly over the past several years. Therefore, there are growing concerns about 1 
the impact of the corresponding increase in anthropogenic activities on ambient air 2 
quality. Such concerns have fuelled the establishment of air quality monitoring sites 3 
in the region and the application of various multivariate data analysis techniques to 4 
the compositional data from those sites in order to understand the underlying 5 
structure, and identify the sources to the pollutants. For example, Guo et al, (2009) 6 
recently applied Principal Component Analysis / Absolute Principal Component 7 
Scores (PCA/APCS) to air quality data obtained at three receptor sites in Hong Kong. 8 
Although PCA/APCS analysis is relatively easy to carry out, it is well known that 9 
PCA has several shortcomings. For example it: (i) can lead to negative source 10 
contributions, which is unrealistic for environmental analysis because pollutants 11 
cannot have negative concentrations, (ii) is based on an incorrect weighting scheme, 12 
which distorts the analysis and does not lead to true minimal variance solutions 13 
(Paatero and Tapper, 1993) (iii) is based on the correlation of structures in the data 14 
set, thus it is incapable of reliably handling missing data (Anderson et al., 2002) and 15 
(iv) cannot distinguish sources that are spatially and temporally correlated (Hopke, 16 
2003). In order to understand the effects of air pollution in Hong Kong better and 17 
facilitate the development of appropriate strategies for controlling and reducing 18 
airborne fine particles, it is essential to identify the sources of all of the chemical 19 
species in the particles and their possible locations. Thus, the two-way Positive Matrix 20 
Factorisation (PMF) model as well as the multi-criteria decision making methods, 21 
Preference METHods for Enrichment Evaluation (PROMETHEE) and Graphical 22 
Analysis for Interactive Assistance (GAIA), have been applied to aerosol chemical 23 
compositional data of fine aerosols obtained at three sites in Hong Kong.  24 
 3 
Unlike PCA, PMF approaches factor analysis as a weighted least square 1 
problem. It also imposes a non-negative constraint on the factor matrices and employs 2 
a point-by-point weighting of individual data points (Paatero and Tapper, 1993, Kim 3 
et al., 2003, Brown et al., 2007). As a result, its outcomes are generally non-negative, 4 
and consequently more physically realistic and easier to rationalise. In a recent 5 
comparison of common receptor models, Anderson et al, (2002) showed that PMF 6 
usually resolved more sources than PCA/APCS. Therefore, it is conceivable that some 7 
sources which were missed in the previous study (Guo et al, 2009) will be unveiled in 8 
the current study. Additionally, the application of multi-criteria decision making 9 
methods to the data is capable of producing information that can be used to rank the 10 
pollution levels observed during one monitoring campaign relative to the other or at 11 
one site relative to another. This type of ranking information could assist the 12 
prioritisation of remedial actions. Therefore, the key objectives of this work are to: (i) 13 
produce ranking information on the air quality at the sites, (ii) determine the number 14 
of independent sources that contribute to fine particle masses at the sites, (iii) identify 15 
the possible locations of each source and (iv) estimate the contribution of each source 16 
to each sample. It is hoped that the comprehensive information obtained in this study 17 
will assist the development of pollution control measures in the region and have wider 18 
applications in other regions worldwide. 19 
2. Methodology 20 
Chemical compositional data was obtained for fine particles (Particulate 21 
matter with aerodynamic diameter less than 2.5µm (PM2.5)) at three sampling sites 22 
located at Hok Tsui (HT), Tsuen Wan (TW) and Mong Kok (MK) (Figure 1). These 23 
sites were located at rural, urban and roadside areas respectively, and the chemical 24 
compositional data consisted of fifty six 24h PM2.5 samples collected every 6
th
 day 25 
 4 
from November 2000 to October 2001 and sixty one samples collected from 1 
November 2004 to October 2005. More detailed description of the sites, and of the 39 2 






) and 34 3 
elements (Al, As, Au, Ba, Br, Ca, Cl, Co, Cr, Cu, Fe, Ga, K, La, Mg, Mn, Mo, Ni, Pb, 4 
P, Rb, Sb, Se, Si, Sn, Sr, S, Ti, Tl, U, V, Y, Zn, Zr) measured as well as the methods 5 
employed for the measurements have been reported previously (So et al., 2007) and 6 
(Guo et al., 2009). Summary Statistics tables for the compositional data at the sites are 7 
presented in the Appendix (A1-A5). In the current work, HT 00/01 and HT 04/05 are 8 
subsequently used to denote the data collected at HT in 2000/2001 and 2004/2005 9 
respectively. Similar abbreviations will also be used for the other sites. 10 
Visual Decision Lab 2000 software, which contains PROMETHEE/GAIA, 11 
was used to rank the air quality obtained at the sites during the two sampling periods. 12 
The algorithm of PROMETHEE and GAIA was described previously (Ayoko et al., 13 
2004) (Friend and Ayoko, 2009). PROMETHEE, a non-parametric method, produces 14 
ranking information on objects based on the simultaneous analysis of the variables 15 
(different chemical species found in the particles, in this case). GAIA, on the other 16 
hand, displays PROMETHEE results in the form of a special PCA biplot that contains 17 
a decision axis that facilitates the understanding of the decision (Ayoko et al., 2004). 18 
The PROMETHEE/GAIA analysis can also provide information on the possible 19 
sources of the chemical species but not on the locations of the sources or the 20 
contributions of each source to the fine particle mass at the site. Average 21 
concentrations for each of the species at each of the sites were used in this analysis. 22 
During the PROMETHEE/GAIA analysis, each variable is maximised or minimised 23 
(i.e. it was decided whether higher or lower values are preferred for the variable). For 24 
this study, each variable was minimised on the basis of the premise that lower 25 
 5 
chemical species concentrations in the fine particles denote lower pollution levels at a 1 
receptor site. PROMETHEE gives the user a choice of six preference functions, which 2 
provides the mathematical basis for selecting one object in preference to another 3 
(Ayoko et, al 2004). Of these preference functions, the „V-shaped‟ function in which 4 
the highest concentration for each variable was set as the threshold was used in this 5 
study. Thus all entries in each data matrix were compared pairwise in all possible 6 
combinations and this led to a difference, d, for each comparison. If the difference 7 
between the values of a variable m for different objects X and Y  is d = m(X) – m(Y), 8 
the preference function, P (X, Y), translates the difference into a degree of preference 9 
ranging from 0 to 1, such that when P (X, Y) is 1, object X is strongly preferred to 10 
object Y and when P (X, Y) is zero X is not preferred to Y.  When more than two 11 
objects are compared, the final outcome is complete outranking flow in which all 12 
objects are ranked from the least to the most preferred. The GAIA results 13 
subsequently obtained were interpreted according to the guidelines described 14 
previously (Espinasse et al., 1997). 15 
The full algorithm of PMF was described in 1997 by Paatero (Paatero, 1997). 16 
In the index notation form, the PMF model can be expressed by the following 17 
equation: 18 
   p 19 




Where χij is the jth species concentration in the ith sample, gik is the particle mass 22 
concentration from the kth source contributing to the ith sample, fkj is the jth species 23 
mass fraction from the kth source, and eij is residual associated with the jth species 24 
concentration measured in the ith sample. The objective of the analysis of a matrix 25 
with n number of samples and m number of chemical species is to resolve the number 26 
 6 
of p independent sources as well as the values of gik and fkj that best fit the 1 
concentration data, χij. Because of rotational ambiguity, the number of possible 2 
solutions to this type of factor analytic problem is infinite (Henry, 1987). To reduce 3 
rotational freedom and produce more physically realistic solutions, gik and fkj are 4 
constrained to have non-negative values. Thus no sample can have a negative source 5 
contribution. Additionally, data points used for PMF analysis are weighted 6 
individually based on their uncertainties. This allows the analyst to use data points 7 
with missing values or large uncertainties without reducing the quality of the fit 8 
significantly. In this study, the USEPA equation approach (Eberly, 2005) was used to 9 
estimate the uncertainty associated with each data point and missing concentration 10 
values were replaced by the geometric mean of the species. However, a sample was 11 
excluded if all of the species concentrations were missing.  12 
To solve the PMF problem, an object function to be minimised is introduced 13 
(Hopke, 2003): 14 
   n     m 15 
Q = ∑ ∑ (eij / sij)2  16 
   
i=1  j=1 
17 
 18 
Where sij is an uncertainty estimate in a data point with the jth element measured in 19 
the ith sample and, eij is the amount of measured mass that was not explained by the 20 
model (Song et al., 2006). 21 
    p 22 
eij = χij – ∑  gik  fk j 23 




The first step in the analysis is to determine the number of factors. For PMF, this can 26 
be achieved in various ways (Song et al., 2001). Once the number of independent 27 
sources has been determined, the source profile compositions and the source 28 
contribution concentrations are calculated using the following equation. 29 
 7 
        p 1 
χij = ∑ (skgik) (fkj/sk) 2 
       
k=1 
3 
where sk is determined by regressing total PM2.5 mass concentration in the ith sample 4 
against estimated source contribution values (Kim et al., 2003). The source profile 5 
plot is a graph of the F-factors or mass fraction compositions versus the chemical 6 
species, and is shown for each of the sources. The source contribution plot is a graph 7 
of the G-factor or contributions, and consists of the mass contributed from a source to 8 
the total mass predicted by the model, versus the measured mass in a sample that was 9 
taken. This occurs for each sample, and when all of the samples are graphed together, 10 
a time series is constructed. Average contributions (in concentration units) were 11 
calculated for seasons (seasonal variation plot) and for weekdays and weekends 12 
(weekly variation plot). Finally, the percentage contributions, which are the masses 13 
estimated at the receptor site from one source compared to the estimated masses from 14 
all of the sources, are calculated.  15 
The PMF analysis was performed using PMF1.1 (developed by the United 16 
States Environmental Protection Agency) and based on the earlier version of PMF2. 17 
Prior to the PMF modelling, signal-to-noise ratios were examined for the chemical 18 
species. Paatero and Hopke suggested that for factor analytic models, S/N for the 19 
variables can be separated into “strong” when S/N was > 2, “weak” if 0.2 < S/N < 2 20 
and “bad” for S/N < 0.2 (Paatero and Hopke, 2003). In this study, S/N ratios were 21 
calculated using the following formula:  22 
                 n                   n 23 
(S/N)j = √∑ (xij – sij)
2
 / ∑ sij
2
 24 
                
i=1
                 
i=1 
25 
Most of the species showed consistent S/N ratios across the two sampling 26 
periods and sites but some (e.g. OC, EC, and S) were found to always have strong 27 
 8 
ratios while others (e.g. Ag) were always classified as bad; such variables were 1 
excluded from the PMF analysis (Eberly, 2005). Also prior to the PMF analysis, an 2 
examination of the data was conducted to see which species contain the same 3 
information. For example, preliminary analysis showed that S and SO4
2-
 showed very 4 
good correlation. Therefore, to avoid “double counting” of species (Reff et al., 2007) 5 
S which had a higher S/N was used while SO4 
2-
 was excluded. Fifty variables, 6 
including total PM2.5, were considered in the analysis. Ten were deleted from all of 7 
the sites with others removed from individual sites. The list of the chemical species 8 
excluded from the raw data either because of their low S/N ratios or “double 9 
counting” is presented in Table 1. 10 
Conditional Probability Function (CPF) analysis was undertaken in order to 11 
identify the most probable location of the sources resolved by PMF. Thus the source 12 
contribution results obtained from the PMF analysis were combined with the wind 13 
speed and wind direction data measured at the receptor site (Lee and Hopke, 2006). 14 









where mΔө is the number of events from wind sector Δө which are greater than the 17 
75% percentile of the fractional contribution from each source, and nΔө the total 18 
number of events from the same wind sector (Kim and Hopke, 2004). For this 19 
analysis, 15 sectors that are 24 degrees each (i.e. Δө = 24o) were used and if 20 
insufficient samples (to obtain a reasonable CPF value) were contained within a sector 21 
or the wind speed is less than 1m/s, it was discarded. 24hr contributions were 22 
assigned to each hour of a given day to match the hourly wind data (Heo et al., 2009). 23 
Wind directions were not available for MK 00/01 or HT. Therefore, no CPF analysis 24 
was conducted for these sites. Also, the available wind speed and wind direction data 25 
 9 
for MK 04/05 and the TW site were skeletal and barely sufficient to produce the CPF 1 
plots. However an example is shown in Figure 2 for the TW site. 2 
3. Results and Discussion 3 
3.1 PROMETHEE/GAIA Analysis 4 
To examine the ranking, PROMETHEE/GAIA analysis performed on the data 5 
separated the result on the PC1 axis into the two sampling periods (Figure 3). HT 6 
00/01 was ranked first suggesting that it was the least polluted, and MK 04/05 was 7 
ranked last, indicating that for the PROMETHEE it was the most polluted. This does 8 
not necessarily follow the order of the average PM2.5 concentrations alone because the 9 
PROMETHEE ranking was based on all of the individual chemical species measured 10 
at the sites. It is also noteworthy that the HT site was ranked highest during each of 11 
the sampling periods, followed by TW and then MK. This corresponds to the 12 
following ranking of the air quality at the sites: rural (HT) > urban (TW) > roadside 13 
(MK). The GAIA plane analysis revealed that the first two principal components 14 
explained 88.45% of the data variance and that species such as OC, EC, P, Ga and Zn 15 
had long vectors. Such species exerted the highest influence on the separation of the 16 
sites and sampling periods in the GAIA plane.  17 
Figure 4 shows the GAIA plane and confirms the ranking by PROMETHEE 18 
with the sampling periods separated into two clusters on the PC1 axis and the 19 
sampling sites separated on the PC2 axis. The decision axis, pi, which indicates the 20 
direction of the preferred objects, pointed toward the HT site in 00/01 and it can be 21 
seen that OC and EC had the longest vectors. This suggests that these species 22 
accounted for the largest variation in the data. The sampling site for MK is situated by 23 
the roadside while the HT site is in a rural area. Thus the directions the vectors for OC 24 
and EC indicate that the HT site had the lowest concentrations of these species while 25 
 10 
the roadside site (MK) had the highest. (Note: unlike classical PCA, each of the 1 
chemical species was “minimised” (i.e. lower concentration was preferred) prior to 2 
the application of multi-criteria decision making procedures so an object placed next 3 
to a species is low in that species and vice versa). Some of the vectors such as the Ca, 4 
Ti, Si and Fe; Ni and V; Na and Cl
-
 are in similar areas of the GAIA plot possibly 5 
indicating a relationship. Some information on links between the species is shown; 6 
however, to obtain the full quantitative data and the sources of the pollutants in the 7 
region, receptor modelling, which is described below is necessary. 8 
3.2 Positive Matrix Factorization (PMF) Analysis 9 
The number of sources identified for the sites were: 8 for HT 00/01 and MK 00/01, 9 10 
for MK 04/05 and TW 00/01, and 10 for HT 04/05 and TW 04/05. Source 11 
contribution, source profile, weekly variation, seasonal variation, observed vs. 12 
predicted PM2.5 concentration and pie charts of percentage contribution plots for the 13 
urban site are presented in the Appendix (A6-A16). Statistical significance tests (t-test 14 
and ANOVA at 95% confidence interval) were performed for the seasonal and weekly 15 
variations to determine if there are statistically significant differences between the 16 
periods, and the results have been presented in Tables 2-7. The source profile 17 
indicates the chemical composition of PM2.5 from each source, and the PM2.5 source 18 
contribution shows the time series results of the mass contribution of each source to 19 
the sample. The latter information can further be examined as seasonal and weekly 20 
source contributions, both of which facilitate the determination of the characteristics 21 
of the detected sources.  22 
 Guo et al, (2009) applied PCA/APCS to the same data used in this paper. 23 
However, the number of sources determined by the model was 5 for the HT site, 5 for 24 
the TW site, and 6 for the MK site. Thus compared to the PMF results, PCA/APCS 25 
 11 
extracted fewer sources at each site. This observation corroborates the results reported 1 
by Anderson et al, (2002), which showed that PMF and UNMIX extracted more 2 
sources from the same set of data than PCA/APCS. UNMIX is a receptor model that 3 
is so named because the data analysis process  “unmixes” the data. Factors are 4 
determined by finding edges, a line in the data that corresponds to low or no value for 5 
the factor. A more detailed description of the model is described by Henry (Henry, 6 
2003). Tables 2 to 7 summarise the PMF results obtained for each site during the two 7 
sampling campaigns. In each case, a plot of the observed and predicted PM2.5 mass 8 
concentration was found to have r
2
 values between 0.94 - 0.99 which indicates that the 9 
models satisfactorily predicted the measured concentrations in each case (an example 10 
provided in A6). In addition, about 90% of the species had scaled residuals that are 11 
normally distributed between -3 and 3. indicating again that the measured data was 12 
well modelled (Xie et al., 1999).  13 
 The number of sources resolved for each of the three sites was different. 14 
However, it is noteworthy that six of the sources are common to all of the sites and 15 
both of the sampling campaigns. These sources include diesel powered vehicles, fresh 16 
sea salt, secondary sulphate, soil, aged sea salt and oil combustion. The total 17 
contributions of these sources to the three sites ranged from 51.7 to 82.9% and the 18 
mean was 68.8 ± 10.9%. Thus collectively, these sources make appreciable 19 
contributions to the fine particle concentrations at the sites. 20 
The first source identified in each of the analyses had high concentrations of 21 
elemental carbon and this was attributed to diesel vehicle emissions (e.g. Lee and 22 
Hopke, 2006). The average seasonal variation analyses revealed varying seasons with 23 
high contributions. Examining the source contribution plots showed that there were 24 
peaks throughout the sampling period, however autumn was consistently close to the 25 
 12 
highest. Also, one high contribution day in the TW 00/01 site may have affected the 1 
average (A8). In keeping with the known fact that there are usually more diesel 2 
vehicles on the road during the week than at the weekend, weekday/weekend analysis 3 
identified higher weekday contributions to this factor. The percentage contributions of 4 
the source varied significantly depending on the sampling site and period, but the 5 
highest always occurred at the MK roadside site because of the proximity of the site 6 
to highly trafficked roads. One significant difference between the current result and 7 
that reported previously by Guo et al. (2009) is that a diesel vehicle source was only 8 
found for the MK site, while a motor vehicle source which appeared to be mixed with 9 
other sources was identified at each of the sites. The seasonal variation obtained by 10 
Guo et al. (2009) showed a winter peak and the percentage contribution was between 11 
18% and 23%. The CPF plot for TW 00/01 (Figure 2) indicated the presence of high 12 
peaks in the north-eastern, north and south western directions, where there are some 13 
roads. The directions are fairly widespread and are directed toward land and sea 14 
possibly indicating a marine vehicle influence. The source contribution for the TW 15 
site in 00/01 showed a high peak on 10
th
 July 2001 (A8). In order to understand the 16 
source region of the diesel particles, back trajectories of the air mass movement on 17 
this date was constructed at a height of 500 metres over 24 hours using NOAA 18 
HYSPLIT (Draxler and Rolph, 2003, Zhao and Hopke, 2006), and the result displayed 19 
as Figure 5 showed that the trajectories originated from the inland/coast.  20 
The second source in all of the six analyses was identified as fresh sea salt 21 
based on the presence of sodium and chloride (Song et al., 2001). Higher average 22 
contributions during the winter are mostly observed in the seasonal variation plots 23 
with two of the sampling periods identifying high summer contributions. All of the 24 
weekly variations identified a high weekend or constant trend, and the percentage 25 
 13 
contributions varied between 1.8% and 6.8%, the CPF plots suggested that this source 1 
is predominantly the South China Sea. Guo et al. (2009) also identified sea salt as a 2 
source at these sites. But the presence of this source was recognised by the high factor 3 
loadings of nitrate and chloride owing to the replacement of chloride ion by nitrate ion 4 
in fresh sea salt. They proposed that the source has winter and summer peaks due to 5 
the north-eastern/eastern winds that are associated with cold fronts in the winter and 6 
southern/south-western winds from the South China Sea in the summer. In keeping 7 
with the PMF result, the percentage contribution of this source previously estimated 8 
by PCA/APCS was between 3% and 7% (Guo et al., 2009).  9 
Sulphur and ammonium were the highest species in the third source profile 10 
suggesting that the source is secondary sulphate (Lee and Hopke, 2006). All of the 11 
sites had this source and all of the seasonal variations showed high winter and autumn 12 
contributions, which was attributed to synoptic meteorological and long-range 13 
transport (Guo et al, 2009). The high peaks in autumn may also be due to the 14 
photochemical activity in the Pearl River Delta. Constant weekly or weekday trend 15 
were identified. In agreement with previous results of PM2.5 measurements made in 16 
Hong Kong (Hagler et al., 2006), the source consistently has the highest contribution 17 
in this study. Five of the six analyses had percentage contributions between 27.3% 18 
and 31.5% for this source. A secondary sulphate source was also identified in the 19 
PCA/APCS analysis (Guo et al, 2009) with sulphate and ammonia as the 20 
characteristic species. Winter and autumn were identified in the seasonal pattern of 21 
this source and the trend was attributed to synoptic meteorological trends leading to 22 
regional air pollution brought about by north-eastern/eastern winds. This source and 23 
diesel vehicle emissions were identified as the highest percentage contributors at the 24 
urban and roadside sites. 25 
 14 
The fourth source was identified to be a soil source by the presence of Al, Si, 1 
Ca, K, Ti and Fe in the source profile (Song et al., 2001). Winter and spring variation 2 
was observed from the seasonal analysis. Two of the six analyses showed weekend 3 
variations but the majority had constant weekly variations. With the exception of MK 4 
04/05 which had a 10.6% percentage contribution, the percentage contribution of this 5 
source was generally between 3.7% and 6.8% for all other sites. The CPF plot for TW 6 
(Figure 2) shows that the source originated predominantly from land mass located to 7 
the north of the site. Although the previous PCA/APCS analysis (Guo et al, 2009) 8 
also identified a soil source which was attributed to re-suspension of soil, the 9 
percentage contributions (8-11%) were generally higher than those observed in the 10 
current study. Nevertheless, as observed in the current study, a seasonal variation with 11 
slightly higher values in spring was observed for this source and this was attributed to 12 
regional transport (Guo et al, 2009).  13 
Sodium and sulphur were found in the fifth source and the factor was 14 
identified as aged sea salt, which must have been formed from the replacement of the 15 
chloride ion in NaCl by sulphate ion (Polissar et al., 2001). Summer and spring, when 16 
the atmospheric chemistry is increased, were identified in the seasonal variation. 17 
Weekdays appeared to have higher weekly contributions although most of the sites 18 
were constant or only slight difference. The percentage contribution to the aerosol 19 
mass was between 4.8% and 13.4%, and the CPF (Figure 2) showed the highest peaks 20 
towards the east but aged sea salt is a regional source. However, the PCA/APCS 21 
analysis (Guo et al, 2009) did not resolve this source. 22 
The sixth source was found in all of the sites to have nickel and vanadium, 23 
which are characteristic of an oil combustion source (Song et al, 2001). As in the 24 
PCA/APCS analysis (Guo et al, 2009), the seasonal contributions seemed to be higher 25 
 15 
during the summer as well as spring for the sampling sites. Guo et al. (2009) 1 
attributed this to the frequent arrivals of marine vessels, and consequent increase in 2 
residual oil combustion during this time. To corroborate this, the CPF plots showed 3 
high peaks in the direction of the sea for TW and MK sites. The 2.0% to 6.8% 4 
percentage contribution estimated in the PMF analysis is generally in agreement with 5 
the 2.0% observed for MK by PCA/APCS but significantly lower than the 18% 6 
contributions estimated at TW and HT (Guo et al, 2009). The reason for this 7 
difference is not immediately known. But it is noteworthy that no significant 8 
weekday/weekend variation pattern was found at most of the sites, possibly due to the 9 
lack of weekly patterns in Port activities. 10 
 Road dust was identified as the seventh source based on the presence of a 11 
combination of the characteristic species for soil and some of EC, OC, Pb, Zn, or Br. 12 
Only five of the six PMF analyses resolved this source (HT 00/01 analysis did not 13 
identify this source). Winter contributions were generally higher than summer 14 
contributions at all of the sites and the concentrations on weekdays were usually 15 
higher than weekends. The percentage contributions varied between the sampling 16 
sites and were in the range of 1.8% to 13.2%. This source was not resolved in the 17 
earlier study (Guo et al, 2009). But the CPF plots for TW in the current study related 18 
the source to the presence of roads around the sampling site.  19 
 During the two sampling campaigns, TW and HT had a source with high loadings 20 
of potassium and organic carbon but MK did not detect this source, possibly because 21 
of the predominance of vehicular emissions at this site. These chemical species are 22 
tracers of a biomass burning source (Polissar et al, 2001), and a plot of potassium 23 
versus organic carbon concentrations at HT (for example) had an R
2
 value of 0.87, 24 
confirming the close correlation between the two species (see A17 – A19). A similar 25 
 16 
plot can be derived for the TW site. Seasonal variations of the sampling sites 1 
identified higher winter than summer contributions, and weekends had higher 2 
contributions for this source than weekdays. The source may originate from regional 3 
transport from the Pearl River Delta due to agricultural burning activities during 4 
autumn and winter. In keeping with this, the CPF plot for TW had a high peak in the 5 
north-western direction. 6 
High loadings of EC and OC were found in four of the analyses and the ninth 7 
source was identified as gasoline vehicle (Lee and Hopke, 2006). Summer and 8 
autumn were found for the seasonal variation in this source. The weekday 9 
contributions were generally higher than the weekend contributions at all of the sites, 10 
and this may be due to the presence of more motor vehicle traffic during weekdays. 11 
Contributions between 13.2% and 18.5% were observed for the sampling sites. 12 
However, the previous study (Guo et al, 2009) did not identify a distinctive gasoline 13 
source. 14 
The tenth source was identified as secondary nitrate due to high nitrate 15 
composition of the source profiles (A7) for four of the sampling analyses. The mean 16 
winter contribution was found to be higher for this source, and weekend contributions 17 
were higher in each of the sampling analyses. The contributions of this source to 18 
PM2.5 varied from 4.3% to 8.2%. Guo et al. (2009) did not identify a nitrate source. 19 
The most likely origin of this source in the current study is mobile emissions of NOx 20 
which subsequently undergoes oxidation in the atmosphere to NO3
-
. Thus the CPF 21 
plot for TW points towards the local roads located in the south-eastern direction.  22 
Less abundant metals including Co, Mn, Mg, Pb, and Zn were present in the 23 
final factor of the 04/05 study at TW. The presence of these chemical species is 24 
consistent with the assignment of this source as a metal smelting source. The 25 
 17 
percentage contribution for this source was identified as only 1.8% while examination 1 
of the seasonal contributions revealed that higher contributions occurred during the 2 
winter than summer. Weekend days were the same as weekdays in the weekly 3 
analysis. It is not immediately known why this source is not found at other sites and 4 
during the 00/01 sampling campaign at TW. 5 
 6 
3.3 Analysis of spatial and temporal variability 7 
Overall, the PROMETHEE results indicated that the air quality at each site became 8 
worse during the 2004/2005 sampling campaign compared to the 2000/2001 9 
campaign. However, it is instructive to note that the air quality observed at each site 10 
during each of the campaigns reflected the presence of the highest concentrations of 11 
the chemical species at the roadside (MK) site, followed by the urban (TW) site and 12 
the rural (HT) site.  13 
 Many of the resolved sources (e.g. gasoline, road dust, nitrate and sulphate) 14 
have higher winter than summer contributions which are likely due to the impact of 15 
Asian monsoon circulation, and poor vertical mixing in winter (Brown et al, 2007). 16 
On the other hand, sources such as secondary sulphate, gasoline, diesel, and road dust 17 
tended to have higher contributions during weekday than weekend; this reflects their 18 
anthropogenic nature. 19 
As expected, the contribution from diesel and gasoline vehicles to the fine 20 
particle mass at the roadside site (MK) was significantly higher than the 21 
corresponding contributions to the urban (TW) and rural (HT) sites. However, 22 
possibly due to reduction strategies adopted by the authorities, the total contribution 23 
from vehicle related sources at MK decreased from 45.3% during the 2000/2001 24 
campaign to 35.7% during the 2004/2005 campaign. Similarly, the percentage 25 
 18 
contribution of secondary sulphate at this site decreased from 27.3% in 2000/2001 to 1 
18.2% in 2004/2005. Tighter emission standards and Ultra-low sulphur diesel 2 
(ULSD) were introduced in-between the sampling periods and may be responsible for 3 
the decrease in percentage contribution (Hong Kong Environmental Protection 4 
Department Website).The contribution of soil at this site increased from 3.7% to 5 
10.6% over the same period.  6 
At the HT site, secondary sulphate increased slightly from 29.3% to 31.5% 7 
during the 2000/2001 and 2004/2005 measurements while vehicle emission increased 8 
from 22.2% to 32% during the same period. Also, biomass burning decreased from 9 
17% to 10%. The reasons for these observations are not quite apparent. 10 
 A close look at Table 4 showed that contributions from vehicle emission 11 
sources and road dust decreased while the contributions from oil combustion 12 
increased but fresh sea salt and biomass burning remain fairly constant from 13 
2000/2001 to 2004/2005. 14 
 It is apparent from the foregoing discussions that although six common 15 
sources were resolved at the three sites, the locations of the sources might not be the 16 
same. Thus, a comparison of the PMF estimated source contributions for the three 17 
sites showed weak correlations among the sites. The only notable exception to this is 18 
the correlation of the soil source, which had r
2
 value of between 0.64 and 0.85 (see 19 
Figures 6-8). 20 
4. Summary and Conclusion 21 
PROMETHEE/GAIA separated the three sampling sites and two sampling 22 
periods and showed that the ranking of the sites generally declined from 2000/2001 to 23 
2004/2005. It also showed that the rural site was less polluted than the urban site and 24 
then the roadside site. PMF analysis found six common sources at all of the sites 25 
 19 
during both of the sampling campaigns. However, more sources were always 1 
identified during the 2004/2005 measurements; this may indicate that the air quality 2 
has become worse due to the increase in the number of air quality influencing 3 
anthropogenic activities in the region. In particular, motor vehicles were usually 4 
separated into diesel and gasoline emissions during the later measurement period. The 5 
sites identified secondary sulphate and vehicle emissions as the highest contributors to 6 
the pollution. This observation agrees with the PCA/APCS analysis reported by Guo 7 
et al (2009). However, more sources were identified in the current study by PMF, and 8 
it appears that the combination of PMF, CPF and the multi-criteria decision-making 9 
methods could give more detailed information on the sources of pollutants at a site. 10 
The combination of these data analysis techniques could provide more insightful 11 
information on the possible location of the sources and the relative level of pollution 12 
at a site in relation to other sites. Such comprehensive information could assist the 13 
prioritisation of remedial actions and the development of pollution reduction 14 
strategies.  15 
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Figure 1: Locations of the Hong Kong receptor sites (Adapted from: So KL, 3 
























































































































































































































































































Figure 2: CPF results for the PMF analysis of the TW 00/01 receptor site. 90 2 











Figure 4: GAIA plane for the Hong Kong receptor sites showing the decision axis, pi, 2 
and the first two Principal Components (PC) explaining 88.5% of the variance. 3 
 4 
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Figure 4: GAIA plane for the Hong Kong receptor sites showing the decision axis, pi, 4 






Figure 5: NOAA HYSPLIT analysis of a high contributing day (10/7/2001) for the 2 
























































































































Figure 6: Correlation plots for the comparison of PMF estimated source contributions 2 































































































































Figure 7: Correlation plots for the comparison of PMF estimated source contributions 2 































































































































Figure 8: Correlation plots for the comparison of PMF estimated source contributions 2 











Receptor Sites Chemical Species Reason for Exclusion 
All sites Ag, Cd, Hg, In, Pd Bad S/N 











HT 00/01 Ba, Tl, U, Y Bad S/N 
HT 04/05 Ba, La, Sb Bad S/N 
TW 00/01 La, Mo, Tl, U, Y Bad S/N 
TW 04/05 Ba, La, Sb, Ti Bad S/N 
MK 00/01 Au, Tl, U, Y Bad S/N 
MK 04/05 Ba, La Bad S/N 
 2 
Table 1: Chemical species removed from the Hong Kong sampling site concentration 3 
data, and the reason for the exclusions. Strong denotes S/N > 2; Weak denotes 0.2 < 4 
S/N < 2; Bad denotes S/N < 0.2(Paatero and Hopke, 2003). Species considered when 5 
double counting are shown in brackets. 6 
 32 
HT 00/01  
Factor Assigned Source 
Characteristic 





Percentage Contribution in 
Guo (2009) 




 22.2% Vehicle (20%) 















  29.3% 44% 




  6.8% 11% 




  6.6% - 


















  6.8% - 
Table 2: Summary of PMF results for the Hok Tsui receptor site from 2000/2001. # indicates that there is statistically significant difference at 1 
















HT 04/05  





Percentage Contribution in 
Guo (2009) 




 18.8% Vehicle (20%) 















 31.5% 44% 




 4.2% 11% 




 4.3% - 




 4.6% 17% 






 7.6% - 




 10.0% - 











 4.3% - 
Table 3: Summary of PMF results for the Hok Tsui receptor site from 2004/2005. # indicates that there is statistically significant difference at 1 














TW 00/01  
Factor Assigned Source 
Characteristic 





Percentage Contribution in 
Guo (2009) 




 5.3% Vehicle (23%) 













 30.7% 28% 




 6.3% 10% 






  4.8% - 




  2.0% 19% 













  16.6% - 




  18.5% - 
Table 4: Summary of PMF results for the Tsuen Wan receptor site from 2000/2001. # indicates that there is statistically significant difference at 95% 1 










TW 04/05  
Factor 
Assigned 
Source Characteristic Elements 
Highest  
Season 




Percentage Contribution in 
Guo (2009) 




 10.4% Vehicle (23%) 















 30.0% 28% 




 5.3% 10% 






 9.9% - 




 6.2% 19% 


















 7.7% - 
10 Metal 
Processing 
Al, As, Co, Fe, K, Mg, 





 1.8% - 
Table 5: Summary of PMF results for the Tsuen Wan receptor site from 2004/2005. # indicates that there is statistically significant difference at 95% 1 










MK 00/01  









Percentage Contribution in 
Guo (2009) 




 30.0% 33% 















 27.3% 24% 




 3.7% 8% 






 11.8% - 




 4.9% 2% 






 1.8% - 
8 Gasoline 
Vehicle 




 15.3% 18% 
Table 6: Summary of PMF results for the Mong Kok receptor site from 2000/2001. # indicates that there is statistically significant difference at 95% 1 











MK 04/05  
Factor Assigned Source 
Characteristic 





Percentage Contribution in 
Guo (2009) 




 18.1% 33% 















  18.2% 24% 




  10.6% 8% 






  13.4% - 




  5.4% 2% 




  1.8% - 











  8.2%  
Table 7: Summary of PMF results for the Mong Kok receptor site from 2004/2005. # indicates that there is statistically significant difference at 95% 1 
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OC 4.22 4.25 8.70 7.42 16.66 11.90 
EC 1.69 2.14 5.37 6.01 20.18 13.71 
NO3- 0.70 0.78 1.29 1.64 1.67 2.40 
NH4+ 2.17 3.06 2.91 4.07 3.16 4.40 
Al 0.11 0.12 0.12 0.14 0.11 0.14 
As 0.005 0.01 0.01 0.01 0.005 0.01 








 Br 0.01 0.01 0.01 0.01 0.01 0.01 
Ca 0.10 0.07 0.13 0.09 0.17 0.11 
Cl 0.19 0.07 0.11 0.08 0.14 0.14 
Co 0.0004 0.0004 0.0003 0.0003 0.0004 0.0003 
Cr 0.001 0.002 0.001 0.002 0.001 0.002 
Cu 0.01 0.01 0.01 0.01 0.01 0.01 
Fe 0.12 0.12 0.19 0.19 0.27 0.26 
Ga 0.001 0.004 0.001 0.004 0.001 0.003 
K 0.48 0.46 0.58 0.51 0.56 0.47 
La 0.02 
   
0.02 
 Mg 0.06 0.10 0.04 0.10 0.04 0.09 
Mn 0.01 0.01 0.01 0.02 0.01 0.02 
Mo 0.001 0.002 
 
0.002 0.001 0.002 
Ni 0.005 0.005 0.01 0.01 0.01 0.01 
Pb 0.06 0.04 0.07 0.05 0.07 0.05 
P 0.004 0.17 0.01 0.20 0.01 0.19 






Se 0.002 0.002 0.002 0.002 0.002 0.002 
Si 0.35 0.25 0.39 0.31 0.48 0.35 
Sn 0.01 0.01 0.02 0.01 0.02 0.01 
Sr 0.001 0.002 0.001 0.002 0.001 0.002 




   
0.01 
















Zn 0.11 0.17 0.17 0.22 0.18 0.24 
Zr 0.001 0.002 0.001 0.002 0.001 0.002 
Na+ 0.71 0.53 0.43 0.36 0.41 0.42 


















OC 3.02 2.87 7.43 6.00 15.13 10.83 
EC 1.44 1.57 5.19 5.64 19.70 13.02 
NO3- 0.39 0.41 0.90 1.06 1.23 1.58 
NH4+ 1.29 1.76 2.13 2.93 2.42 3.30 
Al 0.06 0.08 0.08 0.10 0.08 0.11 
As 0.003 0.004 0.003 0.01 0.003 0.01 








 Br 0.01 0.01 0.01 0.01 0.01 0.01 
Ca 0.07 0.05 0.10 0.08 0.15 0.10 
Cl 0.10 0.02 0.04 0.03 0.07 0.04 
Co 0.0003 0.0004 0.0003 0.0002 0.0004 0.0003 
Cr 0.001 0.001 0.001 0.001 0.001 0.001 
Cu 0.003 0.004 0.01 0.01 0.01 0.01 
Fe 0.07 0.07 0.15 0.15 0.24 0.23 
Ga 0.001 0.003 0.001 0.004 0.001 0.003 
K 0.28 0.26 0.38 0.31 0.37 0.31 
La 0.02 
   
0.01 
 Mg 0.05 0.08 0.03 0.08 0.04 0.07 
Mn 0.01 0.01 0.01 0.01 0.01 0.01 
Mo 0.001 0.001 
 
0.001 0.001 0.001 
Ni 0.004 0.004 0.004 0.01 0.004 0.004 
Pb 0.03 0.02 0.04 0.03 0.04 0.02 
P 0.003 0.13 0.01 0.16 0.01 0.16 






Se 0.001 0.002 0.002 0.002 0.001 0.002 
Si 0.21 0.14 0.28 0.22 0.40 0.28 
Sn 0.01 0.01 0.02 0.01 0.02 0.01 
Sr 0.001 0.002 0.001 0.001 0.001 0.001 




   
0.01 
















Zn 0.05 0.07 0.12 0.14 0.14 0.17 
Zr 0.0005 0.002 0.001 0.002 0.001 0.002 
Na+ 0.57 0.46 0.36 0.30 0.32 0.36 













OC 3.71 3.42 5.27 4.86 7.63 5.15 
EC 0.92 1.68 1.40 2.19 4.25 4.12 
NO3- 1.08 0.97 1.61 1.71 1.70 2.31 
NH4+ 1.68 2.43 2.15 2.84 2.18 3.01 
Al 0.13 0.10 0.12 0.11 0.11 0.10 
As 0.004 0.005 0.01 0.01 0.01 0.01 








 Br 0.01 0.01 0.02 0.01 0.02 0.01 
Ca 0.12 0.05 0.12 0.05 0.11 0.05 
Cl 0.21 0.10 0.33 0.12 0.27 0.31 
Co 0.0003 0.0003 0.0002 0.0002 0.0001 0.0002 
Cr 0.001 0.001 0.001 0.001 0.001 0.001 
Cu 0.01 0.01 0.01 0.01 0.01 0.01 
Fe 0.13 0.10 0.15 0.11 0.14 0.11 
Ga 0.001 0.003 0.001 0.003 0.001 0.002 
K 0.45 0.42 0.51 0.44 0.49 0.38 
La 0.01 
   
0.01 
 Mg 0.04 0.07 0.03 0.05 0.03 0.05 
Mn 0.01 0.01 0.01 0.01 0.01 0.01 
Mo 0.001 0.001 
 
0.001 0.0005 0.002 
Ni 0.004 0.004 0.01 0.01 0.01 0.01 
Pb 0.06 0.04 0.09 0.04 0.08 0.04 
P 0.004 0.12 0.004 0.12 0.01 0.10 






Se 0.002 0.001 0.002 0.001 0.002 0.001 
Si 0.39 0.23 0.37 0.24 0.33 0.23 
Sn 0.01 0.01 0.02 0.01 0.01 0.01 
Sr 0.001 0.001 0.001 0.001 0.001 0.001 




   
0.01 
















Zn 0.11 0.17 0.17 0.18 0.13 0.18 
Zr 0.0005 0.001 0.001 0.001 0.001 0.001 
Na+ 0.54 0.26 0.27 0.21 0.25 0.22 

















OC 0.40 0.18 2.73 1.11 6.02 3.91 
EC 0.40 0.18 2.56 2.12 11.11 5.48 
NO3- 0.05 0.05 0.27 0.23 0.33 0.36 
NH4+ 0.02 0.002 0.18 0.15 0.23 0.28 
Al 0.002 0.002 0.01 0.01 0.01 0.01 
As 0.0001 0.0004 0.0002 0.0004 0.0001 0.001 








 Br 0.001 0.0002 0.002 0.0003 0.002 0.0002 
Ca 0.01 0.01 0.02 0.03 0.06 0.04 
Cl 0.001 0.0003 0.0002 0.0003 0.002 0.001 
Co 0.0001 0.0001 0.0001 0.0001 0.0001 0.0001 
Cr 0.0001 0.0002 0.0001 0.0002 0.0001 0.0002 
Cu 0.0001 0.0001 0.001 0.001 0.004 0.003 
Fe 0.004 0.01 0.04 0.03 0.10 0.08 
Ga 0.0001 0.0002 0.0001 0.001 0.0001 0.0002 
K 0.02 0.02 0.04 0.03 0.05 0.05 
La 0.002 
   
0.002 
 Mg 0.005 0.01 0.003 0.01 0.002 0.01 
Mn 0.0002 0.001 0.001 0.001 0.002 0.002 
Mo 0.0001 0.0001 
 
0.0001 0.0002 0.0001 
Ni 0.001 0.0004 0.0004 0.001 0.0003 0.0003 
Pb 0.0001 0.0002 0.001 0.0002 0.003 0.001 
P 0.0004 0.01 0.0002 0.01 0.002 0.02 






Se 0.0001 0.001 0.0001 0.001 0.0001 0.001 
Si 0.01 0.002 0.05 0.02 0.15 0.06 
Sn 0.0004 0.0002 0.001 0.0002 0.001 0.0002 
Sr 0.0001 0.0002 0.0001 0.0002 0.0001 0.0002 




   
0.002 
















Zn 0.0003 0.001 0.01 0.01 0.04 0.02 
Zr 0.0001 0.0003 0.0001 0.0003 0.0001 0.0003 
Na+ 0.03 0.09 0.05 0.04 0.02 0.06 

















OC 16.64 13.78 29.40 20.95 42.76 23.30 
EC 4.56 7.07 9.54 12.60 28.96 22.34 
NO3- 6.64 4.16 10.74 7.69 10.96 11.42 
NH4+ 7.43 11.40 11.87 13.58 11.74 14.33 
Al 0.75 0.43 0.77 0.53 0.69 0.58 
As 0.02 0.02 0.05 0.04 0.04 0.03 








 Br 0.07 0.04 0.15 0.03 0.12 0.03 
Ca 0.80 0.26 0.86 0.29 0.79 0.39 
Cl 1.12 0.53 2.30 0.64 1.46 2.05 
Co 0.002 0.002 0.001 0.002 0.001 0.001 
Cr 0.003 0.01 0.01 0.01 0.005 0.01 
Cu 0.05 0.03 0.07 0.03 0.07 0.04 
Fe 0.71 0.36 0.77 0.45 0.77 0.56 
Ga 0.003 0.02 0.004 0.02 0.003 0.01 
K 1.83 1.44 2.22 1.57 2.27 1.35 
La 0.05 
   
0.07 
 Mg 0.24 0.30 0.22 0.27 0.18 0.27 
Mn 0.03 0.05 0.06 0.05 0.06 0.05 
Mo 0.00 0.01 
 
0.01 0.00 0.01 
Ni 0.02 0.02 0.02 0.03 0.03 0.03 
Pb 0.29 0.14 0.54 0.16 0.47 0.16 
P 0.02 0.65 0.02 0.59 0.03 0.50 






Se 0.01 0.01 0.01 0.01 0.01 0.01 
Si 2.17 1.03 2.25 1.12 2.08 1.29 
Sn 0.03 0.03 0.09 0.04 0.07 0.06 
Sr 0.01 0.01 0.01 0.01 0.01 0.01 




   
0.03 
















Zn 0.48 0.60 0.93 0.74 0.79 0.74 
Zr 0.002 0.01 0.003 0.01 0.002 0.01 
Na+ 3.80 1.25 1.19 1.13 1.02 1.01 
A5: Maximum value summary statistics. 1 
 2 
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PMF Results for TW 00/01 Receptor Site. 1 
 2 
A6: Observed vs. Predicted plot for the TW 00/01 receptor site. 3 






















































































































































































































































































































































































































A9: Seasonal Variation of the contribution from the sources to the samples for the 2 
PMF analysis of the TW 00/01 receptor site. Error bars were based on 95% 3 












































































































A10: Weekly variation of the contributions from the sources to the samples for the 2 
PMF analysis of the TW 00/01 receptor site. Error bars were based on 95% 3 
confidence intervals. X-axis denotes weekday/weekend, Y-axis denotes average 4 
concentration (μg/m3). 5 
 49 
 1 
A11: Percentage Source Contribution for the HT 00/01 receptor site. 2 
 3 
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A12: Percentage Source Contribution for the HT 04/05 receptor site. 2 
 3 
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A13: Percentage Source Contribution for the TW 00/01 receptor site. 2 
 3 
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A14: Percentage Source Contribution for the TW 04/05 receptor site. 2 
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A15: Percentage Source Contribution for the MK 00/01 receptor site. 2 
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A16: Percentage Source Contribution for the MK 04/05 receptor site. 2 
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A17: Comparison of the potassium and organic carbon levels measured at HT during 2 






A18: Comparison of the potassium and organic carbon levels measured at TW during 9 






















































A19: Comparison of the potassium and organic carbon levels measured at MK during 2 
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